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Yeasts, such as Saccharomyces cerevisiae, have long served as useful models for the study
of oxidative stress, an event associated with cell death and severe human pathologies.This
reviewwill discuss oxidative stress in yeast, in terms of sources of reactive oxygen species
(ROS), their molecular targets, and the metabolic responses elicited by cellular ROS accu-
mulation. Responses of yeast to accumulated ROS include upregulation of antioxidants
mediated by complex transcriptional changes, activation of pro-survival pathways such as
mitophagy, and programmed cell death (PCD) which, apart from apoptosis, includes path-
ways such as autophagy and necrosis, a form of cell death long considered accidental and
uncoordinated. The role of ROS in yeast aging will also be discussed.
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INTRODUCTION
It is a well known fact that the majority of living organisms
depend on oxygen for survival. However, organisms also had to
evolve a multitude of antioxidant defenses to protect their cells
from oxygen’s toxic properties (Bilinski, 1991; Halliwell, 1999),
which stem mainly from its propensity to produce reactive oxy-
gen species (ROS) such as the superoxide radical (O•−2 ) , hydrogen
peroxide (H2O2), and the hydroxyl radical (OH•). These ROS typ-
ically arise because of electron leakage from the electron transport
chain onto dioxygen (O2) during aerobic respiration (Boveris et al.,
1972; Turrens and Boveris, 1980; Turrens, 1997; Halliwell and Gut-
teridge, 2007). Exposure to heavy metals (Liang and Zhou, 2007;
Xu et al., 2011), ultraviolet (UV) irradiation, herbicides, air pol-
lutants, xenobiotics, and other exogenous factors can also induce
significant generation of ROS (Halliwell and Cross, 1994; Gille
and Sigler, 1995). Failure of cell antioxidant defenses to impede
ROS accumulation inevitably results in oxidative stress, a condi-
tion broadly defined as an imbalance between prooxidants and
antioxidants, in favor of the former. This potentially leads to a
situation where important cell biomolecules suffer severe oxida-
tive damage, thus compromising the viability of cells (Sies, 1991;
Halliwell and Cross, 1994; Halliwell and Gutteridge, 2007).
In fact, accumulated ROS have been shown to inflict oxida-
tive damage upon essential biomolecules such as nucleic acids
(Yakes and Van Houten, 1997), proteins (Cabiscol et al., 2000),
and lipids (Bilinski et al., 1989). Furthermore, ROS accumulation
has long been found to play an important role in mediating pro-
grammed cell death (PCD) such as apoptosis, or even – at very
high concentrations – necrosis, in various cell types (Pierce et al.,
1991; Kasahara et al., 1997; Madeo et al., 1999; Chandra et al.,
2000; Simon et al., 2000; Ludovico et al., 2001; Jeon et al., 2002;
Avery, 2011). More significantly, oxidative damage and cell death
induced by ROS have been linked to many serious human patholo-
gies including diabetes (Giugliano et al., 1996; Baynes and Thorpe,
1999; Yokozawa et al., 2011) and neurodegenerative diseases such
as Parkinson’s disease (Hirsch, 1993; Jenner and Olanow, 1996;
Jenner, 2003; Facecchia et al., 2011), Alzheimer’s disease (Behl,
1999; Nunomura et al., 2001; Reddy et al., 2009), and amyotrophic
lateral sclerosis (ALS; Andrus et al., 1998; Barber et al., 2006; Bar-
ber and Shaw, 2010). ROS have also been implicated in the aging
process (Harman, 1956; Orr and Sohal, 1994; Barja, 2004; Fabrizio
et al., 2004; Herker et al., 2004) and are known to play a pivotal role
in the development of cancer (Ames et al., 1993, 1995; Loft and
Poulson, 1996; Naka et al., 2008; Khandrika et al., 2009; Acharya
et al., 2010).
Yeast cells have steadily evolved into one of the most preferred
experimental models for the study of oxidative stress and its effects,
in the context of PCD and aging. Yeast species such as the budding
yeast Saccharomyces cerevisiae and the fission yeast Schizosaccha-
romyces pombe, enjoy several advantages over other experimental
models. For instance, they have a short life-cycle and are easy to
manipulate genetically – much like bacteria, whilst still retaining
the core cellular processes that are characteristic of eukaryotes
(Carmona-Gutierrez et al., 2010a). Most importantly, past studies
have shown that, amongst these cellular processes, core elements
of PCD, such as apoptosis, are also conserved in yeast (Madeo
et al., 1997, 1999, 2002; Fröhlich and Madeo, 2001; Fahrenkrog
et al., 2004; Wissing et al., 2004; Büttner et al., 2007) and that
accumulation of ROS plays a key role in these pathways (Madeo
et al., 1999; Jeon et al., 2002). Hence, yeast can make a signifi-
cant contribution to our understanding of oxidative stress, and its
consequences such as PCD and the misregulation of PCD in the
context of pathologies such as cancer, neurodegenerative diseases,
and aging (Carmona-Gutierrez et al., 2010a).
This review aims to present a broad overview of current knowl-
edge of oxidative stress and its role in yeast PCD, with emphasis
on S. cerevisiae. The role of oxidative stress and ROS in yeast aging
will also be discussed.
OXYGEN TOXICITY AND OXIDATIVE STRESS IN YEAST
The accumulation of ROS, in yeast, generally stems from internal
metabolic processes associated with respiration, but can also be
triggered by environmental stress stimuli (Jamieson, 1998; Perrone
et al., 2008).
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REACTIVE OXYGEN SPECIES GENERATION IN YEAST
Mitochondria have long been established as a major source of ROS
(Longo et al., 1996) such as the superoxide radical O•−2 , which is
generated from O2 by electron leakage originating in the mito-
chondrial transport chain, during respiration. (Fridovich, 1998;
Cadenas and Davies, 2000). In yeast species such as S. cerevisiae,
the specific sources of O•−2 in the mitochondrial chain include
the external NADH dehydrogenases Nde1p and Nde2p (the active
sites of which face the mitochondrial intermembrane space) and
complex III (Fang and Beattie, 2003).
Although superoxide can directly inactivate certain proteins
such as catalases (Kono and Fridovich, 1983; Fridovich, 1989)
and dehydratases (Murakami and Yoshino, 1997), it is a relatively
selective and unreactive ROS (Fridovich, 1998; Halliwell and Gut-
teridge, 2007). Nevertheless, the prompt and efficient removal of
O•−2 from living cells is of great biological importance, given its
tendency to generate H2O2 and subsequent, more harmful ROS
(Fridovich, 1989; Gille and Sigler, 1995). In fact, studies have
shown that O•−2 detoxification mechanisms such as the super-
oxide dismutase enzymes (SODs), are essential for survival of S.
cerevisiae against hyperoxia (Outten et al., 2005). Recently O•−2 has
also been implicated as a signaling molecule in yeast cell processes
such as chronological aging (Weinberger et al., 2010; Lewinska
et al., 2011).
Superoxide radical dismutation, which mainly occurs via enzy-
matic SOD activity, is a major source of H2O2 in vivo (McCord
and Fridovich, 1969). In yeast, H2O2 is also generated by d-amino
acid oxidases, peroxisomal acyl-coenzyme A oxidases (Halliwell
and Cross, 1994; Herrero et al., 2008), and protein folding events
in the endoplasmic reticulum (ER; Gross et al., 2006). Like O•−2 ,
H2O2 is relatively unreactive (Gille and Sigler, 1995; Halliwell and
Gutteridge, 2007) but can also travel long distances and pene-
trate biological membranes, allowing it to exert oxidative damage
in locations far from its point of origin (Saran and Bors, 1991).
It is also a signaling molecule in mammals (Sundaresan et al.,
1995), plants (Vergara et al., 2012), and yeast (Bienert et al., 2006;
Bartosz, 2009). In fact, H2O2 signaling activates transcription fac-
tors that regulate antioxidant gene expression in yeast (Wemmie
et al., 1997; Delaunay et al., 2000, 2002; Kuge et al., 2001). This is
believed to take place primarily via the direct oxidation and con-
comitant functional alteration of redox-sensitive thiol peroxidases
(Fomenko et al., 2011). Furthermore, pre-treatment with 150µM
H2O2 enhances the sensitivity of budding yeast cells to heat stress,
suggesting that ROS (presumably H2O2) relay signals induced by
heat stress to yeast heat shock transcription factors that initiate the
heat shock response (Moraitis and Curran, 2004).
Both O•−2 and H2O2 can combine to form the hydroxyl radical
(OH•), via the Fenton and Haber–Weiss reactions catalyzed by free
metal cations such as those of iron (Fe; Haber and Weiss, 1934).
Ferrous Fe2+ ions are oxidized to ferric Fe3+ ions by H2O2 to pro-
duce OH•. These Fe3+ ions can be reduced again by O•−2 , resulting
in a reaction cycle capable of generating an infinite supply of OH•.
The OH• radical is an exceedingly powerful oxidant which
indiscriminately oxidizes cell biomolecules at a diffusion-limited
rate (Fridovich, 1989, 1998). Biomolecules oxidized by OH•
can become radicals themselves, which propagate even further
non-specific cell oxidative damage (Evans et al., 1998). In fact,
most oxidative damage in cells is mediated by OH•, which is far
more toxic than its precursors O•−2 and H2O2, the impact of which
mainly lies in their propensity to form OH• (Halliwell and Cross,
1994).
The nitric oxide radical (NO•) is another important free radi-
cal species associated with oxidative damage in organisms. Upon
reacting with O•−2 , it produces peroxynitrite (ONOO−), a strongly
oxidizing reactive nitrogen species (RNS) which can generate fur-
ther radicals such as OH• (Beckman et al., 1990) and induce
oxidation of proteins and nucleic acids (Radi, 2004; Poyton et al.,
2009). The NO• radical has also been linked to increased ROS
generation and cell death in S. cerevisiae, where endogenous NO•,
generated by NO• synthase-like activity (Osório et al., 2007), was
found to induce ROS accumulation and apoptosis in yeast cells
treated with H2O2 (Almeida et al., 2007). Importantly, this was also
accompanied by S-nitrosation of the glycolytic glyceraldehyde 3-
phosphate dehydrogenase (GAPDH; Almeida et al., 2007). Given
that S-nitrosation, defined as the covalent attachment of NO• to
the cysteine thiol groups of target proteins, is a mechanism by
which NO• regulates varied cellular processes in organisms (Hess
et al., 2005), these observations also exemplify the role of NO•
radicals as signaling molecules (Almeida et al., 2007).
Under normoxic conditions, cells can very efficiently prevent
ROS accumulation and attenuate oxidative damage, using vari-
ous defensive strategies and antioxidants. However, environmental
conditions can undergo frequent changes, such as progressive
depletion of nutrients, increases in ambient temperature, or sud-
den xenobiotic contamination. Regardless of their nature, such
environmental changes invariably cause an element of stress to
organisms, to which they must effectively adapt in order to sur-
vive. This stress is frequently associated with ROS (Avery, 2011),
which either deplete functional antioxidants or induce further
ROS accumulation, or both (Costa and Moradas-Ferreira, 2001).
For instance, UVA radiation (Kozmin et al., 2005) and cad-
mium (Brennan and Schiestl, 1996) cause oxidative damage or
outright deletion of genes in yeast cells. Deletion or impairment
of genes associated with antioxidant enzymes such as manganese
superoxide dismutase (MnSOD) and copper-zinc superoxide dis-
mutase (CuZnSOD) causes increased mitochondrial protein oxi-
dation (O’Brien et al., 2004) and loss of viability of respiring
stationary phase cells (Longo et al., 1996). Also, prooxidant xeno-
biotics, including aminotriazole (AMT) and diethyldithiocarba-
mate (DDC), directly inactivate catalase (Bayliak et al., 2008) and
CuZnSOD (Lushchak et al., 2005), respectively, sensitizing yeast to
oxidative stress (Lushchak, 2010). Redox-cycling xenobiotics, such
as paraquat and menadione, stimulate superoxide production in
yeast by accepting electrons from cellular reducers and transferring
them to oxygen (Lushchak, 2010). Other environmental stimuli
such as heat stress (Davidson et al., 1996), ethanol-induced diauxic
shift (Drakulic et al., 2005), H2O2 (Madeo et al., 1999), acetic acid
(Ludovico et al., 2001), cadmium (Brennan and Schiestl, 1996),
and arsenic (Du et al., 2007) amongst several other agents, can all
induce ROS accumulation in yeast.
MOLECULAR TARGETS OF ROS IN YEAST
The accumulation of cellular ROS inevitably results in oxidative
damage to important cell biomolecules such as proteins, DNA,
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and lipids. Failure to curb such damage is ultimately associated
with cell death (Costa and Moradas-Ferreira, 2001). The following
sections will briefly outline some of the most prominent molecular
targets of ROS in yeast.
Oxidative damage of proteins
Oxidative damage of proteins adversely influences cell homeostatic
functions and rapidly compromises cell viability. In fact, accumu-
lation of oxidized proteins has been associated with aging and
several ROS-related diseases such as ALS and Alzheimer’s disease.
All ROS, including lipid peroxides, can oxidize proteins via several
different pathways, the net result of which is usually the formation
of protein carbonyls. This is also accelerated by free metal cations
as a result of Fenton chemistry (Berlett and Stadtman, 1997).
Protein carbonyls are irreversible products and thus suscepti-
ble to proteolytic degradation (Wolff and Dean, 1986). Prompt
removal of protein carbonyls is important, given their tendency to
form large protein aggregates which cannot then be degraded by
cells via normal proteolytic pathways. Failure to effectively degrade
such aggregates will only enhance further carbonyl accumulation
and eventually disrupt cell homeostasis altogether (Cecarini et al.,
2007).
Thiol (–SH) groups of cysteine, methionine, and aromatic
phenylalanine amino acid residues are particularly sensitive to oxi-
dation by all ROS (Berlett and Stadtman, 1997). Thiol groups can
be transiently oxidized to disulfide groups (S–S) and sulfenic acid
groups (–SOH), or irreversibly oxidized to sulfinic (–SO2H) or
sulfonic (–SO3H) acid groups (Klatt and Lamas, 2000).
Additionally, ROS can cause dysfunctional protein synthesis,
such as by mistranslation of mRNA. For instance, in S. cerevisiae,
oxygen-dependent chromate ion Cr (VI)-induced mistranslation
of mRNA was found to cause accumulation of insoluble and toxic
protein carbonyl aggregates composed of improperly synthesized,
inactive proteins. This is considered the primary means of Cr (VI)
toxicity in yeast (Holland et al., 2007).
Otherwise, major yeast protein targets include mitochondr-
ial citric acid cycle proteins, such as α-ketoglutarate dehydroge-
nase, pyruvate dehydrogenase, and the iron-sulfur [4Fe-4S] cluster
enzymes aconitase and succinate dehydrogenase, all of which are
readily inactivated by H2O2 and by menadione-derived super-
oxide radicals (Cabiscol et al., 2000; Cecarini et al., 2007). The
superoxide-mediated oxidation of labile [4Fe-4S] clusters in dehy-
dratase enzymes, such as aconitase, also releases free Fe2+ ions
that participate in Fenton chemistry, promoting further protein
oxidation (Fridovich, 1998). Aconitase in yeast is also inacti-
vated by NO•-induced oxidative stress (Lushchak and Lushchak,
2008). Important enzymes such as GAPDH (Cabiscol et al., 2000)
and CuZnSOD (Costa et al., 2002) are also easily inactivated via
H2O2-induced carbonylation, which is largely mediated by metal
ion-catalyzed formation of OH• (Costa and Moradas-Ferreira,
2001).
The yeast actin cytoskeleton is another important target of
ROS. The recessive loss-of-function mutation of an ASC1 sequence
in yeast induces hyper-assembly of actin filaments and conse-
quent cytoskeletal morphological defects, whilst further increasing
actin’s sensitivity to oxidative stress (Haarer and Amberg, 2010).
The physiological consequences of actin oxidation in yeast include
accelerated aging and apoptotic cell death (Farah and Amberg,
2007). Similarly, the decline of actin dynamics and subsequent
cytoskeletal stabilization in yeast, induced by the disruption of
actin regulatory proteins Sla1p and End3p, leads to ROS accumula-
tion and cell death, mediated by hyperactivation of the Ras/cAMP
kinase pathway (Gourlay and Ayscough, 2006).
Oxidative damage of DNA
Nucleic acids can suffer various forms of mutational damage
caused by ROS. These include single or double strand breaks, base
modification, abasic sites, and protein-DNA cross-linkage (Henle
and Linn, 1997; Finn et al., 2011). Oxidatively induced mutations
such as these, which compromise DNA integrity and functional-
ity, have long been implicated in the development of pathologies
such as cancer (Ames et al., 1995) and in aging (Burhans and
Weinberger, 2012). Oxidized DNA also interferes with the nor-
mal response to environmental oxidative stress in yeast (Salmon
et al., 2004), causing ROS accumulation and PCD in both S. cere-
visiae and S. pombe (Burhans et al., 2003). Oxidative DNA damage
and chromosome fragmentation are in fact frequently detected in
ROS-mediated killing of yeast exposed to acetic acid (Ludovico
et al., 2002), H2O2 (Madeo et al., 1999), and hyperosmotic stresses
(Ribeiro et al., 2006).
The ROS which plays a dominant role in oxidizing DNA is OH•.
Singlet oxygen (1O2) also oxidizes guanine bases (Halliwell and
Cross, 1994) into 7,8-dihydro-8-oxoguanine, a well-characterized
marker of oxidative DNA damage (Jenner, 1994; Daroui et al.,
2004). Other prooxidants or ROS can only oxidize DNA via these
two species (Halliwell and Aruoma, 1991). This is true for stresses
such as ionizing radiation (Frankenberg et al., 1993), UVA radia-
tion (Kozmin et al., 2005), heavy metals such as cadmium (IV)
(Jin et al., 2003) and prooxidants that produce H2O2 such as
mitomycin and paraquat (Brennan et al., 1994) or O•−2 such as
menadione (Lee and Park, 1998) – these induce damages such
as strand breakages, oxidation of bases, and intrachromosomal
recombination in the DNA of S. cerevisiae cells, primarily via
formation of OH•.
Oxidative damage of lipids
Oxidative damage of lipid molecules generally involves lipid per-
oxidation, an autocatalytic process initiated by the oxidation of
polyunsaturated fatty acids (PUFAs) into labile lipid hydroperox-
ides, by OH• radicals. Lipid hydroperoxides propagate the synthe-
sis of further hydroperoxides and other reactive derivatives, all of
which can inflict extensive oxidative damage to cell biomolecules
(Halliwell and Gutteridge, 2007).
Yeast cells are incapable of synthesizing PUFAs, but will read-
ily incorporate them into their membrane structures if cultured
in PUFA-enriched growth medium, thus raising the risk of lipid
peroxidation on exposure to oxidative stress (Bilinski et al., 1989).
In fact, yeast cells with PUFA-enriched yeast membranes, showed
hypersensitivity to cadmium toxicity, which was mediated by lipid
peroxidation (Howlett and Avery, 1997). Expression of human
Bax in yeast cells containing PUFA-enriched mitochondrial mem-
branes also caused pronounced lipid peroxidation (Priault et al.,
2002). Lipid peroxidation was also reported in yeast cells under-
going rapamycin-induced autophagy (Kissová et al., 2006), and
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oxidative stress induced by H2O2 (Reekmans et al., 2005) and
menadione (Kim et al., 2011).
PRO-SURVIVAL CELLULAR RESPONSES TO OXIDATIVE
STRESS IN YEAST
Yeast cells express limited pools of antioxidants which sufficiently
protect against ROS. However, these constitutive defenses cannot
protect the cells from sudden oxidative insults. Therefore, yeast
has had to evolve the ability to sense aggressive stress stimuli and
to generate rapid adaptive responses to increased ROS accumula-
tion. The onset of oxidative stress in yeast cells generally induces
an early response, where pre-existing antioxidant defenses provide
immediate protection against the initial sub-lethal accumulation
of ROS. There is also early transmission of stress signals and
consequent activation of transcription factors which promote the
synthesis of further antioxidant defenses (Gasch et al., 2000; Tem-
ple et al., 2005). This leads to the late response involving synthesis
and activation of new antioxidant defenses that scavenge ROS,
repair oxidized biomolecules, and restore cellular redox balance
(Costa and Moradas-Ferreira, 2001).
YEAST TRANSCRIPTION FACTORS AND THEIR ROLE IN YEAST
OXIDATIVE STRESS RESPONSES
The adaptive response mechanisms to oxidative stress in S. cere-
visiae are regulated at the transcriptional level (Collinson and
Dawes, 1992; Jamieson et al., 1994) mainly by the transcription
factors Yap1p, Skn7p, Msn2p, and Msn4p (Morgan et al., 1997;
Takeuchi et al., 1997; Lee et al., 1999; Gasch et al., 2000). These
transcription factors collectively coordinate appropriate responses
to different oxidative stressors, by repressing or upregulating the
transcription of specific genes, many of which are associated with
antioxidant defenses (Gasch et al., 2000; Temple et al., 2005).
Transcription factor Yap1p
The yeast activator protein 1 (AP-1), Yap1p, is a basic leucine
zipper domain (b/ZIP) type transcription factor that bears great
similarity to mammalian AP-1 type transcription factors such as
c-Jun, in terms of sequence structure and DNA-binding affinity. It
generally binds to a consensus Yap1p recognition element (YRE;
5′-TT/GAC/GTC/AA-3′) contained in the promoter sequences of
several genes (Fernandes et al., 1997) and plays a key role in the
cellular response of S. cerevisiae yeast cells to oxidative stress and
xenobiotic insults, particularly drugs and heavy metals (Wemmie
et al., 1994; Kolaczkowska and Goffeau, 1999; Gasch et al., 2000).
In fact, Yap1p-deficient (∆yap1) mutants exhibit hypersensitiv-
ity and an impaired adaptive response to oxidants such as H2O2
(Stephen et al., 1995), which is accompanied by reduced activities
of antioxidants such as γ-l-glutamyl-l-cysteinylglycine or glu-
tathione (GSH), SODs, and GSH reductase (Schnell et al., 1992).
Activation of Yap1p in response to oxidants, particularly H2O2,
has been well studied (Wemmie et al., 1997; Delaunay et al., 2000,
2002; Kuge et al., 2001). Under normoxic conditions, most of the
cell’s Yap1p molecules are retained in the cytosol by the nuclear
export activity of chromosome regional maintenance protein 1
(Crm1p), which is bound to a nuclear export signal (NES) in the C-
terminal cysteine-rich domain (CRD) of Yap1p (Kuge et al., 1998).
These redox-sensitive domains are highly conserved among Yap1p
and its homolog proteins, and are essential for Crm1p-mediated
nuclear export and binding (Kuge et al., 1998; Kudo et al., 1999).
Because of their redox-sensitive nature, the CRDs easily respond to
ROS-induced oxidative signaling. However, Yap1p is not directly
oxidized by ROS (Delaunay et al., 2002).
In H2O2-induced oxidative stress, Yap1p is activated by a yeast
GSH peroxidase (GPX)-like protein called oxidant receptor per-
oxidase 1 (Gpx3p/Orp1p). The cysteine residues of this peroxidase
are themselves oxidized to cysteine-sulfenic acid (–SOH) groups
by H2O2. The oxidized cysteine residues of Orp1p then react with
the CRDs of Yap1p, inducing the formation of an intra-molecular
disulfide bond between the cysteine residues of the Yap1p C- and
N-terminal CRDs (Delaunay et al., 2002). This bond masks the
NES contained in the C-terminal CRD and thus inhibits Yap1p-
to-Crm1p bond formation, allowing the newly oxidized Yap1p
transcription factor to migrate back into the nucleus (Delaunay
et al., 2000). Once it approaches nuclear DNA, Yap1p initiates the
transcription of specific genes by binding to the YREs contained in
their promoter sequences (Lushchak, 2010). This Orp1p-mediated
activation of Yap1p is further facilitated by Yap1p-binding pro-
tein (Ybp1p), which forms an H2O2-induced complex with Yap1p
(Veal et al., 2003).
In response to H2O2, Yap1p promotes the transcription of
several genes encoding antioxidants or antioxidant-associated
molecules, such as those involved in the thioredoxin (TRX)
and GSH systems. Upregulated sequences include GSH1 (encod-
ing γ-glutamylcysteine synthetase), GSH2 (encoding GSH syn-
thetase), TRX2 (encoding TRX), SOD1 (encoding CuZnSOD),
SOD2 (encoding MnSOD), and several others (Schnell et al.,
1992; Stephen et al., 1995; Gasch et al., 2000). Activated Yap1p
further upregulates expression of Ret tyrosine kinase inhibitor
RPI1 in yeast cells (Dumond et al., 2000). This represses the
cAMP-dependent Ras/protein kinase A (Ras/PKA) signaling path-
way which, under non-stress conditions, actively represses the
activation of Yap1p and of other stress response transcription fac-
tors (Fernandes et al., 1997). The Ras/PKA pathway is then itself
repressed by RPI1 expression when cells are at stationary phase or
exposed to oxidative stress (Dumond et al., 2000).
Oxidized Yap1p can be reduced and rendered H2O2-sensitive
again by TRX-mediated reduction of the disulfide bond (Kuge
and Jones, 1994; Delaunay et al., 2000; Kuge et al., 2001). TRX
is in turn reduced by TRX reductase at the expense of reduced
nicotinamide adenine dinucleotide (NADPH; Holmgren, 1989).
Therefore, Yap1p’s functionality is intimately associated with the
redox status of the cell and with cellular NADPH content in
particular (Lushchak, 2010). By promoting the synthesis of antiox-
idant molecules, Yap1p essentially sustains its own transcription
activity until sufficiently inhibited by TRX, at which point the
increase in antioxidants is likely sufficient for the cells to adapt to
oxidant-induced stress (Delaunay et al., 2000; Temple et al., 2005).
Yap1p can also be activated via alternate pathways, as in the
Orp1p- and Ybp1p-independent response to diamide, where the
N- and C-terminal CRD cysteine residues of Yap1p do not form a
disulfide between themselves, as they do in H2O2-induced activa-
tion (Wemmie et al., 1997; Delaunay et al., 2000; Kuge et al., 2001).
Besides its sensitivity to ROS, Yap1p also regulates the yeast cell
response to cadmium ion toxicity by upregulating transcription of
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yeast cadmium factor YCF1. This sequence encodes a membrane
transport protein involved in conferring cadmium tolerance to
cells (Wemmie et al., 1994).
At least seven other Yap proteins – Yap2p to Yap8p – have been
identified in S. cerevisiae. It has been suggested that these proteins
each have different, albeit slightly overlapping, physiological roles
in the regulation of cellular responses to oxidative stresses and
xenobiotic insults, along with Yap1p (Fernandes et al., 1997).
Similarly to budding yeast, fission yeast S. pombe (Toone et al.,
1998), facultative yeast pathogen Candida albicans (Zhang et al.,
2000) and lactose-metabolizing yeast species Kluyveromyces lactis
(Billard et al., 1997) each possess their ownYap1p homologs, which
mediate responses to oxidative stress (Toone and Jones, 1999).
Transcription factor Skn7
The Skn7 protein is a kinase-regulated transcription factor that
also modulates the response to oxidative insults in budding yeast.
It possesses a C-terminus receiver domain which is essential for its
role in the regulation of cell wall biosynthesis, the cell cycle, and
the response to osmotic shock and to oxidative stress (Brown et al.,
1994; Maeda et al., 1994; Morgan et al., 1995, 1997; Krems et al.,
1996). The Skn7p transcription factor also shows homology to
heat shock factor protein (Hsf1p). In fact, both Skn7p and Hsf1p
upregulate heat shock proteins by binding to heat shock elements
(HSEs) in H2O2-treated S. cerevisiae cells exposed to heat shock
(Raitt et al., 2000).
Skn7p also acts as an auxiliary transcription factor to Yap1p,
in response to oxidants such as H2O2 (Lee et al., 1999) where it
upregulates proteins such as TRX reductase (encoded by TRR1)
and TRX (Morgan et al., 1997). Both Yap1p and Skn7p upregulate
the transcription of genes encoding proteins such as SODs, cata-
lases, TRXs, and heat shock proteins (Lee et al., 1999). Other yeast
species have their own respective homolog of Skn7p, such as Prr1p
in S. pombe (Ohmiya et al., 1999).
Transcription factors Msn2p and Msn4p
Another two yeast transcription factors involved in the response
of S. cerevisiae cells to oxidative stress are Msn2p and Msn4p.
These are proteins with zinc-finger type DNA-binding domains.
In response to a variety of general stresses such as osmotic shock,
hypersalinity, heat stress, oxidants, and also diauxic transition,
Msn2p and Msn4p are reversibly translocated to the nucleus,
where they bind to the stress response element (STRE) 5′-CCCCT-
3′contained in certain DNA promoter sequences (Martínez-Pastor
et al., 1996; Schmitt and McEntee, 1996; Boy-Marcotte et al.,
1998). They play a considerably important role in the response
to oxidative stress in yeast (Gasch et al., 2000), as shown by the
increased sensitivity of ∆msn2∆msn4 budding yeast mutants to
high concentrations of H2O2 and their limited ability to adapt to
low H2O2 concentrations (Hasan et al., 2002). Two antioxidant-
encoding sequences are upregulated by Msn2p and Msn4p: CTT1
(encoding cytosolic catalase) and GRX1 (encoding glutaredoxin).
Otherwise, they largely upregulate genes encoding proteases, heat
shock proteins, metabolic enzymes, and other molecules impli-
cated in stress recovery, restoration of metabolic homeostasis, and
the repair or removal of damaged biomolecules (Hasan et al.,
2002). Activation of general Msn2p/4p-mediated stress responses
is negatively regulated by kinase enzyme signaling systems such as
cAMP-dependent Ras/PKA activity (Hasan et al., 2002).
YEAST ANTIOXIDANTS AND THEIR ROLE IN YEAST OXIDATIVE STRESS
RESPONSES
Following their upregulation by transcription factors and their
subsequent synthesis, yeast cell antioxidant defenses remove excess
ROS and restore redox balance. Prominent among these are mito-
chondrial MnSOD and cytosolic CuZnSOD, which scavenge O•−2
and convert it to H2O2 (McCord and Fridovich, 1969; Weisiger
and Fridovich, 1973a,b). The SOD-derived H2O2 can in turn
be degraded to water and oxygen by the redox-sensitive heme
groups of cytosolic catalase T (Ctt1p; Hartig and Ruis, 1986) and
peroxisomal catalase A (Cta1p) enzymes (Cohen et al., 1988).
Other enzymatic antioxidants include GPXs and TRX peroxi-
dases/peroxiredoxins (PRX), which use electron-donating cysteine
thiol groups as active sites to catalyze the reduction of hydroperox-
ides (Jamieson, 1998). In fact, GPXs protect against lipid peroxida-
tion (Avery and Avery, 2001) and heavy metal toxicity (Avery et al.,
2004) and help activate Yap1p transcription factors in response to
H2O2 signaling (Delaunay et al., 2000; Gasch et al., 2000; Fomenko
et al., 2011). PRX also respond to heavy metal toxicity (Nguyên-
Nhu and Knoops, 2002) and zinc-metal deficiency (Wu et al.,
2007), and reduce ROS, such as H2O2 and alkylhydroperoxides
(Chae et al., 1994). PRX also reduce peroxynitrites (Wood et al.,
2003).
Yeast cells also possess thiol oxidoreductase enzymes such as
glutaredoxins and TRXs, which both catalyze the reduction of
disulfides to thiols, using thiolated cysteine residues as an active
site (Herrero et al., 2008). TRXs, the functionality of which is
maintained by NADPH and the catalytic action of TRX reduc-
tase, restore functionality to oxidized PRX, maintain redox balance
(Holmgren, 1989), and confer protection against hydroperoxides
in yeast (Garrido and Grant, 2002). Similarly, glutaredoxins pro-
tect yeast against superoxide radicals (Luikenhuis et al., 1998) and
hydroperoxides (Pujol-Carrion et al., 2006), reduce GSH-protein
mixed disulfides and protein disulfides, and also play an important
role in iron homeostasis (Yamaguchi-Iwai et al., 2002; Ojeda et al.,
2006).
Glutathione, an abundant non-enzymatic antioxidant in yeast
(Izawa et al., 1995; Zechmann et al., 2011), is required for the
glutaredoxin-catalyzed reduction of disulfides and also reduces
oxidized GPXs (Holmgren, 1989). Oxidized GSH (GSSG) is
reduced back to GSH by GSH reductase, in a reaction that requires
electrons from NADPH, the main source of which is the pen-
tose phosphate pathway (Izawa et al., 1995; Juhnke et al., 1996).
Besides being a crucial source of electrons for many antioxi-
dants, GSH can also protect protein thiol groups from oxidation,
by S-thiolation (Klatt and Lamas, 2000). Other prominent non-
enzymatic yeast antioxidants include O•−2 -scavenging manganese
ion complexes regulated by nutrient-sensing kinase pathways
(Reddi et al., 2009; Reddi and Culotta, 2011), erythroascorbates,
and vitamin E (Herrero et al., 2008).
INTRACELLULAR DEGRADATION OF OXIDIZED BIOMOLECULES
Despite the rapid upregulation and high efficiency of yeast antiox-
idant defenses, cell biomolecules can still sustain severe oxidative
www.frontiersin.org June 2012 | Volume 2 | Article 64 | 5
Farrugia and Balzan Yeast oxidative stress and PCD
damage that cannot be repaired. Irreparably damaged cell com-
ponents such as carbonylated proteins and oxidatively damaged
mitochondria must be efficiently removed before they are allowed
to form large aggregate masses that lead to cell death. Yeast has two
stress response mechanisms that facilitate the removal of irrepara-
bly oxidized biomolecules: the ubiquitin-dependent proteasome
system (UPS) and autophagy.
The ubiquitin-dependent proteasome system in yeast
The UPS is a highly conserved mechanism of targeted protein
degradation, which facilitates the removal of small oxidized pro-
teins from cells. The precise mechanism by which polyubiqui-
tinated substrates are delivered to the proteasome is presently
unclear, despite the identification of key UBL/UBA ubiquitin
receptor proteins such as Rad23 (Schauber et al., 1998; Chen
and Madura, 2002; Elsasser et al., 2004), Dsk2 (Wilkinson et al.,
2001), and Ddi1 (Bertolaet et al., 2001) in yeast. A recent study
by Li et al. (2010) has shed some light on this aspect, demon-
strating that Rad4, a regulatory protein previously associated only
with nuclear excision repair (NER) of DNA, together with Rad23,
regulate a post-ubiquitination event, presumably the delivery of
specific ubiquitinated substrates to the proteasome. In fact, Rad4
shares specific substrates with Rad23 and possesses a binding
domain which is crucial for Rad23 to exert its degradative func-
tion. The authors suggested that Rad4 plays an accessory role in
proteolysis by keeping the Rad23 protein in the required active
conformation to associate with ubiquitinated substrates. On the
other hand, Rad23 is believed to play an accessory role in NER,
by protecting Rad4 from degradation by proteins such as the yeast
deubiquitinase Ubp3 (Mao and Smerdon, 2010).
Because the UPS mainly operates in the cytosol, oxidized pro-
teins located within cell compartments segregated by membranes,
such as the ER and the mitochondria, cannot be degraded by this
mechanism unless they are exported into the cytosol (Taylor and
Rutter, 2011). In fact, an ER-associated degradation (ERAD) path-
way facilitates the translocation of oxidized or misfolded ER pro-
teins to the cytosol for UPS-mediated proteasomal degradation (Ye
et al., 2001). An ERAD-like mechanism, called the mitochondria-
associated degradation (MAD) pathway, has also been proposed
whereby oxidized mitochondrial proteins are extruded through
the outer mitochondrial membrane into the cytosol for UPS-
mediated degradation (Chatenay-Lapointe and Shadel, 2010; Heo
et al., 2010).
Autophagic pathways in yeast
Autophagy involves the intracellular degradation and recycling
of long-lived biomolecules such as macromolecular proteins and
organelles, by lysosomes (in mammalian cells) or vacuoles (in
yeast cells; Klionsky et al., 2010). These pathways are activated by
the expression of autophagy-related genes (ATG), of which there
are at least 33 in yeast, along with many other ATG homologs
in mammals (Reggiori and Klionsky, 2002; Goldman et al., 2010).
Autophagy is indeed a highly conserved process among eukaryotes.
It is involved in metazoan cell differentiation and plays a crucial
pro-survival role in response to stresses such as nutrient starva-
tion and ROS accumulation in eukaryotes such as yeast (Kissová
et al., 2004, 2006, 2007; Bhatia-Kissová and Camougrand, 2010).
In fact, deficiency of autophagy in yeast causes ROS accumula-
tion after stresses such as nitrogen starvation (Suzuki et al., 2011).
The protective role of autophagy against oxidative stress is also
very evident in ROS-associated pathologies such as aging (Donati
et al., 2001) and neurodegenerative diseases (Rubinsztein, 2006),
where autophagic pathways are largely disrupted and cells suffer
extensive intracellular aggregation of oxidized proteins (Terman
and Brunk, 1998; Rubinsztein, 2006; Scherz-Shouval and Elazar,
2007; Rubinsztein et al., 2011).
The principal autophagic pathway in yeast and in other eukary-
otes is macroautophagy. This involves the non-selective seques-
tration of intracellular macromolecules and portions of cytosol
by a double-membraned vesicle called the autophagosome, which
then delivers its enclosed material to a vacuole (or lysosome in
higher eukaryotes) replete with hydrolytic enzymes that facilitate
biomolecular degradation (Klionsky et al., 2010). Another non-
selective autophagic pathway, called microautophagy, involves the
direct sequestration and degradation of organelles and portions
of cytoplasm by vacuoles/lysosomes themselves, excluding the
involvement of autophagosomes. Autophagy predominantly pro-
ceeds via these two non-selective pathways, both of which take
place in yeast depending on factors such as the metabolic state of
the cells (Kissová et al., 2007).
Selective autophagic degradation of specific biomolecular tar-
gets can also take place, often in conjunction with non-selective
autophagy (Nair and Klionsky, 2005; Kissová et al., 2007; Kraft
et al., 2009). This includes selective autophagic degradation of
the Golgi apparatus (crinophagy; Glaumann, 1989), ER (reticu-
lophagy; Hamasaki et al., 2005), ribosomes (ribophagy; Kraft et al.,
2008), peroxisomes (pexophagy; Sakai et al., 1998), and mitochon-
dria (mitophagy; Lemasters et al., 1998; Lemasters, 2005; Kissová
et al., 2007).
In terms of its physiological role in yeast, it is believed that
selective autophagy is required for (i) selective removal of defec-
tive organelles under normal physiological conditions to maintain
homeostatic cell structure integrity, and (ii) specific removal of
excess or damaged organelles in response to stresses such as nutri-
ent starvation and ROS accumulation (Goldman et al., 2010). Dur-
ing oxidative stress, autophagic pathways involved in the specific
removal of mitochondria assume particular importance (Bhatia-
Kissová and Camougrand, 2010). Mitochondria, as previously
described, constitute a major production site and target of ROS,
therefore the risk of accumulation of defective mitochondria in
cells increases during oxidative stress. If left unabated, such accu-
mulation will only lead to further cell oxidative damage and even-
tual disruption of cell homeostasis. Therefore the rapid removal of
these dysfunctional organelles, a function facilitated by mitophagy,
is of paramount importance (Lemasters, 2005; Scherz-Shouval and
Elazar, 2007; Bhatia-Kissová and Camougrand, 2010).
Mitophagy in yeast as a response to oxidative stress
Mitochondrial degradation by autophagy in yeast was first
reported by Takeshige et al. (1992), who observed sequestered
mitochondria in the autophagic bodies of yeast cells subjected
to nitrogen starvation, after growth on glucose (Takeshige et al.,
1992). Similarly, Ashford and Porter (1962) had earlier reported
an abundance of mitochondria in rat hepatocyte autophagosomes.
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These observations suggested that autophagy is a primary removal
mechanism of mitochondria in cells. In fact, subsequent studies
showed that selective autophagic degradation of mitochondria,
defined by Lemasters (2005) as mitophagy, can indeed take place
in yeast in response to adverse stimuli involving mitochondrial
damage and ROS accumulation (Goldman et al., 2010).
Campbell and Thorsness (1998) were among the first to
indicate a link between mitochondrial damage and the upreg-
ulation of specific mitochondrial degradation in yeast. S. cere-
visiae ∆yme1 mutants, the mitochondria of which were impaired
by the absence of yeast mitochondrial ATP-dependent met-
alloprotease enzyme Yme1p, exhibited increased migration of
mtDNA from their dysfunctional mitochondria, when grown on
ethanol/glycerol medium. This was accompanied by the increased
degradation and proximity of dysfunctional mitochondria to the
surfaces of degradative vacuoles, although this did not conclusively
demonstrate that the mitochondria were degraded by autophagy.
Priault et al. (2005) then unequivocally demonstrated the pref-
erential removal of dysfunctional mitochondria by autophagy in
yeast. It was shown that∆fmc1 yeast mutants, the mitochondria of
which had an impaired mitochondrial membrane potential due to
aggregation of mitochondrial ATP synthase, exhibited preferential
degradation of their dysfunctional mitochondria by mitophagy
under anaerobic conditions. The possibility that autophagy was
induced by ATP depletion (due to ATP synthase aggregation) as
opposed to mitochondrial damage was excluded, given that∆fmc1
yeast cells had similar cellular ATP levels to the wildtype cells. Fur-
ther studies showed that osmotic swelling of mitochondria due
to impairment of K+/H+ exchange proteins (Nowikovsky et al.,
2007) and impairment of the mitochondrial membrane poten-
tial due to malfunctioning mtDNA replication machinery (Zhang
et al., 2007), also initiate mitophagy.
Kissová et al. (2006) further showed that upregulation of
mitophagy in wildtype yeast cells, in response to the target of
rapamycin (TOR) kinase inhibitor, rapamycin, is accompanied by
early ROS accumulation and mitochondrial membrane lipid per-
oxidation. The addition of resveratrol to rapamycin-treated cells
inhibited these oxidative effects and largely impaired mitophagy,
clearly suggesting that ROS-induced mitochondrial damage also
plays a crucial role in activating this pathway. This is further
corroborated by the fact that, unlike macroautophagy, selec-
tive mitophagy is specifically suppressed by the antioxidant N -
acetylcysteine (NAC), which replenishes the cellular GSH pool
(Deffieu et al., 2009; Kissová and Camougrand, 2009). This showed
that mitophagy is sensitive to cellular redox imbalances induced
by the depletion of GSH and that it is a discretely, independently
regulated pathway.
Key genetic evidence that mitophagy is a discrete process, regu-
lated independently of non-selective macroautophagy in yeast, was
provided by Kissová et al. (2007). Nitrogen-starved wildtype yeast
cells, grown under aerobic conditions, exhibited early selective
mitochondrial autophagy followed by non-selective autophagic
removal of mitochondria after prolonged stress. The early selec-
tive mitophagic process is dependent on an outer mitochondrial
membrane protein, Uth1p. Removal of this protein, facilitated
by the deletion of UTH1, resulted in the activation of only the
non-selective (Uth1p-independent) autophagic degradation of
mitochondria. Subsequent genetic screening has since identified
that other sequences, such as ATG32 (Kanki et al., 2009a; Okamoto
et al., 2009) and ATG33 (Kanki et al., 2009b) also encode proteins
without which mitophagy cannot take place, further proving it to
be a discretely regulated process.
Overall, these studies established that, in yeast, mitochondrial
damage stimulates the specific degradation of mitochondria by
mitophagy. This implies that the physiological role of mitophagy
is that of a discretely controlled cellular surveillance mecha-
nism which monitors mitochondrial functionality and specifi-
cally removes irreparably damaged mitochondria (Goldman et al.,
2010). Given that such damage can be induced by ROS accu-
mulation (Kissová et al., 2006), it is likely that mitophagy also
constitutes an important defense against oxidative stress in yeast,
in conjunction with the other antioxidant defenses described
previously.
However, mitophagy’s hypothetic role as a mitochondrial
functionality control system in yeast is uncertain, given that
mitophagy-deficient∆Atg32 mutants did not show any significant
increase in ROS and did not exhibit reduced growth in compar-
ison to wildtype cells, when grown on non-fermentable media
(Kanki et al., 2009a; Okamoto et al., 2009). This might imply that
mitophagy is a non-essential and redundant process in yeast, with
respect to non-selective autophagy. This is surprising, given that
mitophagy’s role as a mitochondrial functionality control mech-
anism in mammalian cells has been established (Narendra et al.,
2008; Geisler et al., 2010; Matsuda et al., 2010), naturally lead-
ing to the assumption that it has the same such role in yeast.
Clearly, further studies of mitophagy’s poorly understood mecha-
nism and of its regulation are required for this issue to be resolved.
Progress in this regard is already being made, given the recent dis-
covery of two mitogen-activated protein kinases (MAPKs), Slt2p
and Hog1p, which regulate mitophagy in yeast (Mao et al., 2011).
Also, the physiological role of mitophagy as a clearance mech-
anism of excess mitochondria has been confirmed by studies of
stationary phase yeast cells grown under respiratory conditions
(Kanki and Klionsky, 2008). Such clearance behavior serves to
reduce the high metabolic cost of maintaining excess mitochon-
dria, which are made redundant by the reduced growth demands
of stationary phase cells, whilst concurrently lowering the risk of
cellular ROS accumulation (Kanki et al., 2011).
PROGRAMMED CELL DEATH AND OXIDATIVE STRESS IN
YEAST
In the event that yeast cells suffer prolonged or sudden expo-
sure to harmful doses of ROS, it is often the case that their
pro-survival response mechanisms and antioxidant defenses fail.
This consequently elicits the yeast cell’s final response to oxida-
tive stress: the initiation of PCD (Madeo et al., 1999). This is
essentially an “orderly” process of cell elimination, which can
proceed via different pathways, depending on the physiological
state of the cells and the nature of the oxidative insult. At least
two main established PCD pathways have been observed in yeast
in response to oxidative stress: the first is apoptosis, which is
typically induced by exposure to low doses of oxidants such as
H2O2 (Madeo et al., 1999). Alternatively, yeast cells can undergo
necrosis, a PCD pathway which, until recently, was conveniently
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dismissed as uncoordinated and accidental (Eisenberg et al., 2010;
Galluzzi et al., 2011, 2012). Finally, even autophagic pathways such
as mitophagy have been implicated in ROS-induced PCD in yeast
(Bhatia-Kissová and Camougrand,2010),which is intriguing given
their main established role as pro-survival pathways.
OXIDATIVE STRESS AND APOPTOSIS IN YEAST
The first observation of an apoptotic phenotype in yeast cells was
made by Madeo et al. (1997), who observed that mutant S. cere-
visiae cells lacking the ATPase AAA cell division cycle gene CDC48
(Latterich et al., 1995) showed key morphological hallmarks of
mammalian apoptosis such as phosphatidylserine externaliza-
tion, chromatin condensation, and DNA fragmentation. Since
then, further markers characteristic of mammalian apoptosis have
been discovered in yeast, including the release of mitochondrial
cytochrome c (Manon et al., 1997; Ludovico et al., 2002; Sapienza
et al., 2008), and the execution of conserved proteolytic path-
ways associated with mammalian apoptosis, such as Cdc6 protein
degradation (Blanchard et al., 2002).
Undoubtedly, the most compelling evidence of apoptosis in
yeast is derived from the discovery of several orthologs of key
mammalian apoptotic regulators, such as the yeast metacaspase
protein Yca1p/Mca1p (Madeo et al., 2002), apoptosis inducing
factor Aif1p (Wissing et al., 2004), the Htr2A/Omi serine pro-
tease Nma111p (Fahrenkrog et al., 2004), inhibitor of apoptosis
protein (IAP) Bir1p (Walter et al., 2006), and the mitochondrial
endonuclease G Nuclp (Büttner et al., 2007). The yeast NADH
dehydrogenase Ndi1p, located in the inner mitochondrial mem-
brane, has also been implicated in cell death (Li et al., 2006). It
is in fact a homolog of AIF-like mitochondrial-associated inducer
of cell death (AMID; Li et al., 2006), a protein associated with
caspase-independent apoptosis in humans (Wu et al., 2002). Sim-
ilarly, the yeast protein Cdc48 also has a human ortholog that
negatively regulates apoptosis (Shirogane et al., 1999). Yeast also
possesses a true homolog of highly conserved (Chae et al., 2003)
Bax-inhibitor BI-1 proteins called Bxi1p (Cebulski et al., 2011),
anti-apoptotic Bax-suppressor homologs called Sno1p and Fyv10p
(Khoury et al., 2008), and also a pro-apoptotic BH3 homolog
called Ybh3p (Büttner et al., 2011). Furthermore, apoptotic mark-
ers have consistently appeared in aging yeast cells (Laun et al.,
2001; Herker et al., 2004). ROS, which have a central role in reg-
ulating mammalian apoptosis, also act as crucial modulators of
apoptosis in yeast (Madeo et al., 1999). We have confirmed this by
specific ROS probes (unpublished observations). This wealth of
evidence has largely confirmed the existence of a highly conserved
apoptotic pathway in yeast, which seems to have evolved early on
as a response to harmful stimuli that are in large part associated
with ROS and oxidative stress.
Proponents of apoptosis in yeast have also presented a strong
hypothesis to account for its physiological role in an organism
which, despite being unicellular, naturally exists in the large,
densely packed cell populations that make up yeast colonies
(Váchová and Palková, 2007). With this paradigm, apoptosis in
yeast was suggested to be an altruistic clearance mechanism of old
or damaged cells, designed to free up nutrients and enhance the
survival chances of younger, healthier clones in aging, or stressed
yeast colonies (Fabrizio et al., 2004; Herker et al., 2004; Knorre
et al., 2005). It has also been suggested that apoptosis-associated
ROS accumulation may raise the chances of clone mutation in
a yeast population, leading to an increased number of geneti-
cally varied individual cells, which are better adapted to altered
environmental conditions (Fabrizio et al., 2004).
Still, the notion of apoptosis in yeast has been met with skep-
ticism by some researchers, a number of whom have suggested
that the standard flow-cytometric techniques used to assay Yca1p
activity and ROS accumulation in yeast cells are artifact-prone,
implying that previous evidence of yeast apoptosis was artifac-
tual and that yeast cell death is independent of both ROS and
Yca1p (Wysocki and Kron, 2004). Counter-arguments to these
claims assert that these authors exposed their yeast cells to extreme
death conditions, which either induced non-apoptotic cell death
or caspase-independent apoptosis (LeBrasseur, 2004), the latter of
which has since been observed in yeast cells, and which accounts
for the rough majority of reported apoptotic death scenarios in
yeast (Madeo et al., 2009).
Some have also proposed that Yca1p, the yeast ortholog of
mammalian caspases (the cysteine-protease enzymes which medi-
ate mammalian apoptosis) is not a true caspase at all and has
no caspase-like activity. The argument behind this is that, whilst
metacaspases and caspases probably share a common origin given
the presence of a conserved caspase fold in both proteins, this
does not justify putting them into the same protein family, since
evolutionary conservation of protein structure does not neces-
sarily mean that protein function is also conserved (Vercammen
et al., 2007). The differing substrate affinity of metacaspases,
attributed to their preference for protein cleavage-sites preceding
basic arginine residues, as opposed to the preference of caspases
for cleavage-sites preceding acidic aspartate residues, helped to
strengthen the argument that the physiological function of meta-
caspases differs from that of caspases (Vercammen et al., 2007).
However, it has since been shown that, despite their proteolytic
discrepancies, metacaspases and caspases do indeed share a num-
ber of common substrates known to be involved in PCD, such
as Tudor staphylococcal nuclease (TSN) derived from Pinus abies
(Norway Spruce Tree; Sundström et al., 2009; Carmona-Gutierrez
et al., 2010b).
Whilst many of its core aspects, such as the mechanics of yeast
metacaspase activity,are still poorly understood (Abdelwahid et al.,
2011), the paradigm of yeast apoptosis has by now been largely
accepted within the research community, in spite of the lingering
doubts expressed by some.
One aspect that leaves little room for doubt is the role of ROS
as a key inducer of apoptotic cell death in yeast, as shown early
on by Madeo et al. (1999) who observed significant O•−2 accumu-
lation in yeast cells undergoing H2O2-induced apoptosis – a cell
death scenario which is exacerbated by deletion of GSH1 and pre-
vented by hypoxia or quenching of ROS using spin traps (Madeo
et al., 1999) and antioxidants (Jeon et al., 2002). In fact, ROS
accumulation and the involvement of mitochondria, where this
usually takes place, are arguably the most unifying features shared
by apoptotic yeast cells treated with different pro-apoptotic stim-
uli (Pereira et al., 2008). These include exogenous stimuli, ranging
from metals such as copper (Liang and Zhou, 2007), lead (Buss-
che and Soares, 2011), iron (Almeida et al., 2008), and cadmium
Frontiers in Oncology | Molecular and Cellular Oncology June 2012 | Volume 2 | Article 64 | 8
Farrugia and Balzan Yeast oxidative stress and PCD
(Nargund et al., 2008) to plant toxins (Narasimhan et al., 2005),
amiodarone (Pozniakovsky et al., 2005), ethanol (Kitagaki et al.,
2007), and anti-tumor drugs including paclitaxel (Foland et al.,
2005), arsenic (Du et al., 2007), valproate (Mitsui et al., 2005), and
aspirin which commits yeast cells lacking mitochondrial MnSOD
to apoptosis by disrupting the cellular redox balance (Sapienza and
Balzan, 2005; Sapienza et al., 2008). There are also several ROS-
associated endogenous stimuli of apoptosis in yeast, which include
aging (Laun et al., 2001; Herker et al., 2004) and the disruption
of metabolic pathways involved in DNA metabolism (Weinberger
et al., 2005), protein modification (Hauptmann et al., 2006), and
actin dynamics (Gourlay and Ayscough, 2006).
Furthermore, yeast cell death induced by ROS-associated stress
stimuli can proceed either via caspase-dependent apoptosis or
caspase-independent apoptosis (Madeo et al., 2009), as described
below.
Oxidative stress and caspase-dependent apoptosis in yeast
Caspase-dependent apoptosis in yeast was first reported by Madeo
et al. (2002), who observed that yeast cells undergoing H2O2-
induced apoptotic cell death exhibited an upregulation of caspase-
like proteolytic activity,attributed to yeast caspase protein 1,Yca1p,
encoded by the YCA1 gene. The absence of Yca1p prevented
H2O2-induced apoptosis entirely, whereas its overexpression exac-
erbated apoptosis,providing the first clear evidence of an apoptotic
pathway in yeast which is caspase-dependent and induced by ROS.
Acetic acid-induced PCD of yeast cells, which bears typical
markers of mammalian apoptosis, is also accompanied by an
accumulation of ROS in yeast cell compartments such as the mito-
chondria (Ludovico et al., 2001, 2002) and can involve Yca1p
(Madeo et al., 2002; Guaragnella et al., 2006). It has been sug-
gested that H2O2 triggers acetic acid-induced PCD in yeast, given
the early accumulation of H2O2 in acetic acid-induced cell death.
This is corroborated by the observed absence of H2O2 buildup in
acid-stress adapted yeast cells in which acetic acid-induced PCD is
prevented (Giannattasio et al., 2005; Guaragnella et al., 2007). In
fact, further studies have shown that the quenching of acetic acid-
induced ROS, using antioxidants such as NAC, abrogates both
cytochrome c release and Yca1p activity in wildtype yeast cells,
preventing cell death altogether. However, it is worth noting that
NAC does not prevent acetic acid-induced death in yeast knockout
mutants deficient in Yca1p and cytochrome c, implying that acetic
acid-induced PCD can also proceed along pathways that are Yca1p
and ROS-independent (Guaragnella et al., 2010).
The accumulation of ROS is also implicated in yeast apoptosis
induced by salt stress (NaCl; Wadskog et al., 2004), heat stress (Lee
et al., 2007), and hyperosmotic stress (Silva et al., 2005) which, in
all cases, cannot take place without Yca1p activity. Stress induced
by disruption of iron homeostasis (Almeida et al., 2008), cadmium
(Nargund et al., 2008), and arsenic (Du et al., 2007) can also result
in a caspase-mediated apoptotic phenotype associated with sig-
nificant accumulation of ROS. Likewise, both Yca1p activity and
ROS accumulation are key requirements for apoptosis in yeast cells
treated with low to moderate doses of virally encoded killer toxins
(Reiter et al., 2005).
Apoptosis induced by the heterologous expression, in yeast, of
Parkinson’s disease-associated protein α-synuclein, also requires
the activation of Yca1p. The latter’s removal totally abolishes α-
synuclein’s ability to induce ROS accumulation and apoptotic cell
death. Likewise, the addition of antioxidant GSH prevented α-
synuclein-induced apoptosis in yeast, further demonstrating the
important mediatory role of ROS in this pathway (Flower et al.,
2005).
Treatment of yeast cells with drugs such as valproic acid, a
teratogenic, short chain fatty acid with anticonvulsant and anti-
tumor properties (Blaheta and Cinatl, 2002), also induces a sig-
nificant accumulation of ROS that in turn upregulates the activity
of Yca1p and initiates apoptotic cell death (Mitsui et al., 2005).
Recent studies have also shown that propolis, a product derived
from plant resins, which is utilized by bees to protectively seal
the apertures in their hives, can elicit caspase-dependent apop-
tosis associated with ROS accumulation in yeast cells (de Castro
et al., 2011). This corroborates the potential use of propolis as an
antifungal agent.
Additionally, mutations that induce defects in yeast cellular
processes such as those associated with mRNA stability (Maz-
zoni et al., 2005), initiation of DNA replication (Weinberger et al.,
2005), ubiquitination (Bettiga et al., 2004), and mitochondrial
fragmentation (Fannjiang et al., 2004) can induce Yca1p-mediated
apoptotic cell death accompanied by ROS accumulation. A marked
increase in ROS is also observed during pro-apoptotic chronolog-
ical aging of yeast cells, the survival of which is initially improved
by deletion of YCA1 (Herker et al., 2004). However, aging ∆yca1
yeast mutants later lose the ability of regrowth, as opposed to aged
wildtype cells, which actually outlive their YCA1-deficient coun-
terparts (Herker et al., 2004). This is likely because ∆yca1 yeast
mutants suffer greater accumulation of oxidized proteins than the
wildtype cells (Khan et al., 2005), thus indicating the importance
of Yca1p-dependent apoptosis as a clearance mechanism of aged
or oxidatively damaged cells in a yeast colony (Herker et al., 2004;
Madeo et al., 2009).
Finally, it has been argued that the caspase-like activity detected
upon stimulation of apoptosis in yeast is not entirely attributable
to Yca1p, this implicating the participation of other caspase-like
proteases (Wilkinson and Ramsdale, 2011). One such protein
is Esp1p, which plays an important pro-apoptotic role in yeast
treated with ROS such as H2O2. Upon induction of apoptosis,
Esp1p is released from anaphase inhibitor Pds1p, and cleaves
Mcd1p (the yeast homolog of human cohesin subunit Rad21) such
that the latter’s C-terminal fragment migrates from the nucleus to
the mitochondria. This induces disruption of the mitochondr-
ial membrane potential and cytochrome c release, followed by
apoptosis (Yang et al., 2008). Another yeast protein associated
with caspase-like activity in yeast is Kex1 protease, which mediates
apoptotic cell death induced by defective N-glycosylation, acetic
acid and chronological aging (Hauptmann and Lehle, 2008).
Oxidative stress and caspase-independent apoptosis in yeast
Apoptotic cell death in yeast caused by ROS-associated stress stim-
uli, can also take place without the need for Yca1p activity. For
instance, ROS accumulation and apoptosis caused by defective N-
glycosylation in Ost2p-deficient yeast cells (Ost2p being the yeast
homolog of mammalian defender of apoptosis-1 DAD1) are not
prevented by deletion of YCA1 (Hauptmann et al., 2006). Similarly,
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absence of Yca1p activity does not impede ROS accumulation,
mitochondrial degradation, and apoptosis of yeast cells treated
with formic acid (Du et al., 2008). Caspase-independent apop-
tosis triggered by release of ammonia in differentiating yeast cell
colonies (Váchová and Palková, 2005), in yeast cells treated with
copper (which generates ROS via Fenton/Haber–Weiss pathways;
Liang and Zhou, 2007), and in yeast cells treated with ceramide
(Carmona-Gutierrez et al., 2011b) also share the common feature
of ROS accumulation. In fact, the latter two apoptotic scenarios
are both suppressed in mtDNA-deficient rhoo (ρo)“petite”mutant
cells, where mitochondrial respiration is impaired. Likewise, func-
tional mitochondria are a key requirement of caspase-independent
apoptosis of aging yeast cells caused by heterologous expression
of α-synuclein, and characterized by massive ROS accumulation
(Büttner et al., 2008).
The requirement of functional mitochondria in caspase-
independent yeast apoptosis is no surprise given that, aside from
their major role as a source and target of ROS, mitochondria are
also the source of important yeast apoptotic regulators capable of
operating independently of Yca1p. One such regulator is the yeast
AIF homolog Aif1p (Wissing et al., 2004). This protein can translo-
cate from the mitochondrial intermembrane space to the nucleus,
in response to oxidative pro-apoptotic stimuli such as H2O2,
aging, acetic acid (Wissing et al., 2004), and fungal toxins such
as bostrycin (Xu et al., 2010). Like its mammalian counterpart,
Aif1p operates in tandem with cyclophilin A once it is inside the
nucleus, inducing chromatin condensation, DNA fragmentation,
and subsequent apoptotic cell death (Candé et al., 2004; Wissing
et al., 2004). Similarly, the endonuclease G yeast homolog Nuc1p
translocates from the mitochondria to the nucleus, in response to
oxidative stimuli such as H2O2, resulting in a caspase-independent
apoptotic phenotype involving ROS accumulation (Büttner et al.,
2007).
Additionally, the yeast nucleus itself contains the Yca1p-
independent death regulator Nma111p, the yeast homolog of pro-
apoptotic mammalian serine protease HtrA2/Omi. In response to
heat stress and oxidative stimuli such as H2O2, Nma111p starts to
aggregate in the nucleus and induces yeast cell apoptosis in a man-
ner that is dependent on its serine protease activity (Fahrenkrog
et al., 2004). The pro-apoptotic effects of Nma111p are suppressed
by its antagonistic substrate Bir1p, the yeast homolog of mam-
malian IAP, as demonstrated by the enhanced apoptotic phenotype
of ∆bir1 yeast cells exposed to oxidative stress (Walter et al., 2006).
Finally, yeast nuclei contain another trigger of caspase-
independent apoptosis, which is induced by ROS such as H2O2.
This involves the epigenetic modification of the chromatin histone
structure H2B, the N-terminal tail of which is deacetylated at lysine
11 by histone deacetylase (HDAC) Hos3, and subsequently phos-
phorylated at serine residue 10 by Ste20 kinase (Ahn et al., 2005,
2006), which also plays a key role in pheromone-induced apop-
totic cell death in yeast (Severin and Hyman, 2002). The resulting
chromatin modification promotes apoptosis.
OXIDATIVE STRESS AND NECROSIS IN YEAST
Yeast can also undergo necrotic cell death in response to oxidative
stress (Madeo et al., 1999). Necrosis is characterized by bioener-
getic failure and morphological features such as random DNA
fragmentation, an increase in cell volume or oncosis, swelling
of organelles, loss of cell plasma membrane integrity, and sub-
sequent leakage of intracellular contents (Zong and Thompson,
2006). Because of its seemingly disordered features, necrosis was
long dismissed as an accidental form of cell death (Galluzzi et al.,
2011) which generally occurs in response to extreme environ-
mental stresses (Madeo et al., 1999). However, this paradigm has
changed, given recent evidence that certain necrotic cell death
scenarios are regulated by factors such as signaling and catabolic
proteins (Baines, 2010). The fact that necrosis can be regulated by
the active involvement of such proteins, provides strong evidence
that it can indeed proceed as a programmed pathway referred to as
“programmed necrosis” (Galluzzi et al., 2012). Furthermore, accu-
mulating evidence suggests that, as in apoptosis, the accumulation
of ROS and the presence of mitochondria are key requirements of
this form of PCD, both in mammals and in yeast (Baines, 2010;
Eisenberg et al., 2010).
In yeast cells, exposure to very high concentrations of pro-
apoptotic stimuli including H2O2 (Madeo et al., 1999), acetic
acid (Ludovico et al., 2001), and heavy metals (Liang and Zhou,
2007), generally causes accidental necrosis as a result of very severe
oxidative damage to cell components. Acetic acid also causes dis-
ruption of pH homeostasis (Ludovico et al., 2001). However,
considerable evidence suggests that yeast cells also possess a pro-
grammed necrotic cell death pathway similar to that of their mam-
malian counterparts, where many of the conditions and processes
which regulate programmed necrosis in mammals have also been
conserved (Galluzzi et al., 2011).
For instance, vacuolar dysfunction and subsequent cytoplas-
mic acidification can commit yeast cells to necrosis (Schauer et al.,
2009), just like in mammalian cells (Hitomi et al., 2008). Necro-
sis in yeast is also regulated by yeast heat shock protein Hsp90
(Dudgeon et al., 2008), the homolog of human Hsp90p. The
latter is a cytosolic chaperone of several kinases, one of which
is the pro-necrotic signaling protein RIP1 kinase (Lewis et al.,
2000; Vanden Berghe et al., 2003). Whilst a clear homolog of
RIP1 kinase in yeast has not yet been elucidated, yeast Hsp90p
has proved to be a key requirement for tunicamycin-induced
necrosis of yeast cells deficient in calcineurin, a phosphatase
enzyme that suppresses necrosis in yeast (Dudgeon et al., 2008).
Additionally, necrotic death under these conditions is preceded
by the accumulation of ROS, implying that oxidative stress is
an important inducer of this death phenotype in yeast, as in
mammals.
Further evidence of the involvement of ROS in programmed
necrosis in yeast is the fact that yeast mitochondria have also been
implicated as a key requirement of this pathway. For instance,
necrosis induced by expression of proteinaceous elicitor harpin
(Pss) derived from Pseudomonas syringae, was avoided altogether
in S. cerevisiae rho− (ρ−) “petite” cells containing dysfunctional
mitochondria (Sripriya et al., 2009). Similarly, functional mito-
chondria are required for both apoptotic and necrotic cell death
of aging yeast cells induced by heterologous expression of α-
synuclein, which is accompanied by ROS accumulation and dis-
ruption of mitochondrial membrane potential (Büttner et al.,
2008). Even unsaturated free fatty acid (FFA)-induced necrosis
in yeast depends on the presence of functional mitochondria and
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is accompanied by the accumulation of ROS (Rockenfeller et al.,
2010).
Peroxisomes, which generate ROS such as H2O2, can also act as
key regulators of necrosis in yeast. Deletion of PEX6, encoding a
crucial component of the peroxisomal protein import machinery
in S. cerevisiae cells, caused increased sensitivity to acetic acid-
induced stress, accompanied by necrosis and ROS accumulation
in cells approaching stationary phase growth (Jungwirth et al.,
2008). Similarly, removal of peroxisomal peroxiredoxin Pmt20
induced massive necrotic cell death accompanied by pronounced
ROS accumulation and lipid peroxidation in the yeast Hansenula
polymorpha (Bener Aksam et al., 2008).
Another prominent regulator of necrosis in yeast is the mito-
chondrial yeast endonuclease G homolog Nuc1p, which also trig-
gers apoptosis when released from the mitochondria. Deletion of
its coding sequence NUC1 was found to inhibit apoptotic death
of yeast cells grown on glycerol medium, whilst enhancing necro-
sis of aging or peroxide-treated yeast cells grown on fermentative
glucose medium (Büttner et al., 2007).
Similarly, a recent study has shown that deletion of the PEP4
sequence, encoding the yeast ortholog of mammalian cathepsin D,
Pep4p,upregulates necrotic and apoptotic death in chronologically
aging yeast cells. Conversely, prolonged hyperexpression of Pep4p
increased cell longevity by specifically inhibiting necrosis. This
anti-necrotic effect involved epigenetic deacetylation of histones
mediated by polyamines, the biosynthesis of which was enhanced
by the expression of Pep4p (Carmona-Gutiérrez et al., 2011a).
Polyamines are molecules with antioxidant properties, which sup-
press the oxidative and inflammatory stresses associated with aging
(Løvaas and Carlin, 1991). In fact, polyamine cell content is known
to decline as aging progresses in both yeast (Eisenberg et al., 2009;
Carmona-Gutiérrez et al., 2011a) and mammals (Scalabrino and
Ferioli, 1984; Nishimura et al., 2006).
Eisenberg et al. (2009) were the first to establish an association
between age-induced decline of polyamine content and necrosis
in yeast cells, reporting a large percentage of chronologically aging
yeast cells that were necrotic and that depletion of natural yeast
cell polyamines not only accelerated necrosis, but increased ROS
accumulation and shortened cell lifespan. Conversely, addition of
the polyamine spermidine actually prevented necrosis, reduced
oxidative stress, and increased longevity. Intriguingly, the cyto-
protective effects of spermidine were mediated by the activation
of autophagy, and were in fact abolished upon deletion of crucial
autophagy genes such as ATG7, further demonstrating the pro-
survival role of autophagy under conditions of age-related stress.
Furthermore, the study showed that spermidine-induced suppres-
sion of necrosis in aging yeast cells is mediated by epigenetic
deacetylation of histones (Eisenberg et al., 2009).
In the light of all this evidence, it is clear that necrosis in yeast is
indeed a highly regulated and therefore PCD pathway. Its involve-
ment in highly physiological processes such as aging, along with
its requirement of functional mitochondria and, in particular, the
fact that it can be actively suppressed by mechanisms as intri-
cate as epigenetic modulation, all strongly support this argument.
Furthermore, given the near ubiquitous involvement of ROS in
various yeast necrotic scenarios, it is evident that oxidative stress
and ROS accumulation play an important, if not central role in
programmed necrosis in yeast, just like in mammals (Eisenberg
et al., 2010). At present, however, the full extent of this role remains
to be elucidated.
From a physiological perspective, the role of programmed
necrosis as opposed to apoptosis in yeast has been suggested
to be that of a “noisy” response, which involves the release of
damage-associated molecular patterns (DAMPs) that could act
as warning signals for surviving cells in a colony under extreme
stress (Galluzzi et al., 2011). This proposed hypothesis is corrobo-
rated by the observed release, from necrotic yeast cells, of Nhp6Ap
(Eisenberg et al., 2009). This is the yeast ortholog of mammalian
high-mobility group box 1 (HMGB1), which serves as a danger
signal (Apetoh et al., 2007). However, whether Nhp6Ap shares the
same function as HMGB1 remains to be elucidated (Galluzzi et al.,
2011).
OXIDATIVE STRESS, AUTOPHAGY, AND CELL DEATH IN YEAST
Although primarily a homeostatic pro-survival response to stresses
such as nutrient depletion and ROS accumulation, it has been
suggested that autophagy might also act as a mediator of cell
death when it occurs at high levels (Pattingre et al., 2005), given
observed instances of numerous autophagic bodies present in the
dying cells of various organisms (Tsujimoto and Shimizu, 2005;
Kourtis and Tavernarakis, 2009). Amongst these organisms are
yeast cells, where large scale autophagy induced by stimuli such
as rapamycin is followed by growth arrest and a sharp decline in
cell viability (Kissová et al., 2004). Also, as stated earlier, addition
of rapamycin to respiring yeast cells induces selective mitophagy
(Kissová et al.,2007). Furthermore, rapamycin-induced autophagy
is accompanied by early ROS accumulation and early mitochon-
drial lipid peroxidation. Inhibition of these oxidative events by
resveratrol largely impairs autophagy of cell components and
delays rapamycin-induced cell death (Kissová et al., 2006). What
this evidence collectively implies is that autophagic pathways, such
as mitophagy, can have a pro-death role in yeast, driven by massive
accumulation of ROS in the mitochondria. Furthermore, a recent
study by Dziedzic and Caplan (2012) presented evidence suggest-
ing that autophagy may accelerate cell death in S. cerevisiae under
starvation conditions, given that deletion of autophagic proteins,
encoded by ATG8, delayed cell death under leucine starvation.
Therefore, a complex interplay exists between autophagy and
cell death, two distinct stress responses which, depending on the
circumstances of the cells, can either compete against each other
or cooperate (Carmona-Gutierrez et al., 2010a) in a manner which
is probably regulated, at least in part, by the ROS-dependent
mitophagic turnover of mitochondria. This is probably one of
the few pro-death aspects of autophagy which is understood. Oth-
erwise, the extent to which autophagy acts as a cell death response
in yeast is largely unclear.
There has in fact been much heated debate as to whether
autophagy is even a true cell death mechanism per se. Some
argue that the very term “autophagic cell death” – a definition
based solely on the morphological appearance of vacuolization
in dying cells – can be misleading and often incorrectly used to
refer to cases where cells actually die with autophagy but not by
autophagy (Kroemer and Levine, 2008). Whilst the plausibility
of cell death by autophagy has not been entirely excluded, there
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seems to be a consensus that in the overwhelming majority of
cases, autophagy constitutes a cytoprotective pathway, the removal
of which accelerates rather than prevents cell mortality (Galluzzi
et al., 2012).
OXIDATIVE STRESS AND AGING
The physiological process of aging in budding yeast is heavily
associated with ROS accumulation and PCD (Laun et al., 2001;
Fabrizio et al., 2004; Herker et al., 2004). Replicative aging is used
as a model for aging in mammalian proliferating cells (particularly
stem cells), and chronological aging is used as an aging model for
mammalian post-mitotic cells (Kaeberlein, 2010).
Replicative aging in yeast is defined by the number of times
a specific yeast mother cell can divide before it reaches senes-
cence and dies (Mortimer and Johnston, 1959; Müller et al., 1980).
Budding yeast cells replicate asymmetrically (Hartwell and Unger,
1977) in such a way that aging factors are retained by the mother
cell. These include oxidized proteins (Aguilaniu et al., 2003; Erjavec
and Nystrom, 2007), protein aggregates (Erjavec et al., 2007), and
extrachromosomal ribosomal DNA circles (ERCs) believed to be
generated by rDNA recombination (Sinclair and Guarente, 1997;
Kaeberlein et al., 1999). The same mother cell can replicate several
times until a certain threshold of damaged cell content is accu-
mulated, at which time the cell dies via PCD pathways such as
apoptosis (Laun et al., 2001).
One other prominent form of cell damage believed to con-
tribute to replicative aging is the accumulation of dysfunctional
mitochondria that are rich in ROS in old yeast mother cells (Laun
et al., 2001). This clearly indicates that ROS promote replicative
aging in yeast. In fact, several other studies have shown that genetic
or environmental alterations which increase the ROS burden on
yeast mother cells result in a shortening of their lifespan. Such
alterations include the deletion of genes encoding SODs (Barker
et al., 1999; Wawryn et al., 1999) and catalases, the increase of par-
tial pressure of atmospheric oxygen and the modulation of GSH
abundance (Nestelbacher et al., 2000).
Likewise, studies have shown that ROS originating from dys-
functional mitochondria contribute to chronological aging in
yeast (Longo et al., 1996;Fabrizio et al., 2003, 2004). This aging
model is defined by how long a yeast cell can survive once it has
reached the post-diauxic, stationary phase of growth, when nutri-
ents become scarce (Longo and Fabrizio, 2012). The pro-aging
effects of ROS are corroborated by the observed accumulation of
oxidatively damaged proteins (Reverter-Branchat et al., 2004) and
ROS (Herker et al., 2004) in chronologically aged cells. Further-
more, yeast chronological lifespan can be extended by interven-
tions that induce upregulated expression of SOD2, activation of
Msn2p and Msn4p transcription factors, and activation of protein
kinase Rim15p, all of which are involved in the stress response that
mitigates oxidative stress (Fabrizio et al., 2001, 2003).
Further evidence of the role of oxidative stress in the aging of
yeast cells lies in the manner by which,both replicative and chrono-
logical aging in yeast are regulated. Both aging types depend on
the same set of nutrient-sensing kinases: Ras/cAMP-dependent
PKA, Sch9, and Tor, the activities of which are, in turn, dependent
on nutrient availability in the environment. Under nutrient-rich
conditions, all three kinases naturally promote cell growth, cell
division, and thus also aging of yeast cells, culminating in PCD.
The pro-aging effect of these kinases is largely due to their sup-
pressive influence upon the yeast stress response mechanisms, in
the presence of nutrients (Fabrizio et al., 2001, 2003; Inoue and
Klionsky, 2010; Longo and Fabrizio, 2012).
Conversely, when nutrients are scarce, the Sch9, Tor, and
Ras/cAMP-dependent PKA pathways are downregulated and cell
longevity is increased (Fabrizio and Longo, 2008). A similar
longevity-inducing scenario of nutrient starvation called calorie
restriction has consistently been shown to increase longevity of
both replicatively (Lin et al., 2002) and chronologically aging cells
(Reverter-Branchat et al., 2004). It is believed that the downreg-
ulation of Sch9, Tor, and Ras/cAMP-dependent PKA signaling
is coupled with a concomitant upregulation of cytoprotective
stress response regulators, which are activated downstream of the
kinases. These include Msn2/4p and Gis1 transcription factors,
along with Rim15 kinase (Wei et al., 2008) the collective activa-
tion of which enhances cytoprotective pathways such as autophagy
(Inoue and Klionsky, 2010), a process associated with increased
longevity and reduced ROS in aging yeast (Eisenberg et al., 2009).
Thus yeast cell aging is a conserved, genetically regulated
process, where a cell’s ability to upregulate its cytoprotective stress
response mechanisms above a certain threshold is actively sup-
pressed by a sustained baseline activity of nutrient-sensing Sch9,
Tor, and Ras/cAMP-dependent PKA kinases (Longo et al., 2005).
In this way, aging cells accumulate a certain amount of oxida-
tive damage, without upregulating the current activity of their
antioxidant defenses. They consequently accumulate ROS such as
superoxide radicals (Fabrizio et al., 2004) and succumb to PCD,
be it apoptosis (Herker et al., 2004) or necrosis (Eisenberg et al.,
2009). Thus, in a physiological context, replicatively aged cells that
are no longer capable of segregating damaged cell components
from their daughter cells, are eliminated before they seriously
compromise the integrity of a population. Likewise, chronolog-
ically aged cells, which have suffered too much oxidative damage
to be worth maintaining, are eliminated to free up nutrients and
enhance the survival chances of younger, fitter cells in a yeast pop-
ulation, especially during starvation. In the meantime, these same
fitter individuals of a starved yeast population may further increase
their chances of survival by actively suppressing the aforemen-
tioned kinase pathways to enhance their cytoprotective systems,
until new nutrient sources are made available (Fabrizio and Longo,
2008).
CONCLUDING REMARKS
The evidence presented in this discussion clearly illustrates the
remarkable ability of yeast to detect and appropriately respond
to the constant threat of oxidative stress, using a diverse array of
strategies such as ROS detoxification, autophagic degradation, and
even cell death (Figure 1). Importantly, these defensive pathways
are largely conserved in mammals. Thus, yeast has long proved
itself to be a powerful research model, the use of which has thrown
light upon many obscure aspects of important human pathologies
that are harder to elucidate using other, more complex eukaryotic
models.
For instance, the prevalent involvement of ROS and functional
mitochondria among most pro-death stimuli in yeast has served
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FIGURE 1 | Cellular responses to oxidative stress in Saccharomyces
cerevisiae. Oxidative stress, induced by the accumulation of reactive
oxygen species (ROS) such as O•−2 , H2O2, and OH
•, can elicit a range of
stress responses in budding yeast cells, that either result in cell survival
(shown in green) or cell death (shown in red). Stress signals relayed by
ROS themselves (such as H2O2) can activate transcription factors which
upregulate the expression of genes encoding enzymatic (such as
catalases) and non-enzymatic antioxidants (such as GSH). These
response mechanisms, together with the targeted removal of small,
oxidized proteins by the ubiquitin-dependent proteasome system (UPS),
help ensure the survival of cells. Additionally, cells can activate
cytoprotective autophagic pathways (bordered in yellow) that remove
irreparably oxidized macromolecules or dysfunctional organelles, such as
mitochondria. However, an abnormally high degree of autophagy might
also mediate programmed cell death (PCD). Finally, exposure of cells to
severe oxidative insults can elicit lethal response pathways such as
apoptosis, necrosis, and possibly other forms of PCD which have yet to
be discovered.
to highlight the central role of mitochondrial dysfunction and
ROS accumulation in most important human pathologies such
as aging (Laun et al., 2001) and Parkinson’s disease (Büttner
et al., 2008). Furthermore, the conserved metabolic machinery
and simplicity of yeast has allowed researchers to perform very
revealing mechanistic studies of anti-tumor drugs (Balzan et al.,
2004; Mitsui et al., 2005; Aouida et al., 2007) and disease-inducing
toxins (Sokolov et al., 2006; Franssens et al., 2010), paving the way
toward enhanced therapeutic treatment and better understanding
of human diseases. The yeast model can even be used to examine
important aspects of mammalian aging, such as the contributive
roles of DNA damage and genome instability (Wei et al., 2011).
Finally, the chance of uncovering more conserved PCD pathways
in yeast cannot be excluded, especially given the increasing number
of newly elucidated PCD pathways in other eukaryotes (Galluzzi
et al., 2012).
A potential example of these new pathways is “linker cell death”
which has so far only been observed in Caenorhabditis elegans. This
cell death pathway, which proceeds independently of known death
genes and caspases, is characterized by non-apoptotic markers
such as uncondensed chromatin, indentations of the nuclear enve-
lope, organelle swelling, and accumulation of membrane bound
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cytoplasmic structures (Abraham et al., 2007). It requires the
expression of a pqn-41 sequence, encoding a polyglutamine repeat
protein that bears similarity to Huntingtin (Blum et al., 2012), the
cause of Huntington’s disease (Harper, 1999). The expression of
pqn-41, which is itself dependent on the activity of a MAP kinase
kinase called SEK-1, promotes cell death in parallel to a zinc-finger
protein called LIN-29p.
In budding yeast, expression of expanded mammalian polyg-
lutamines elicits physiological consequences similar to those of
degenerating neurons in Huntington’s disease patients. These
include an apoptotic phenotype and nuclear polyglutamine aggre-
gation, both of which are caspase-dependent (Sokolov et al., 2006;
Bocharova et al., 2008). It is very tempting to speculate whether
yeast cells also possess a conserved pqn-41-like polyglutamine
protein, the expression of which might elicit an alternative caspase-
independent PCD pathway that is similar or identical to linker cell
death in C. elegans. If this is the case, what impact might this have
on our understanding of neurodegenerative pathologies such as
Huntington’s disease? This is an intriguing question which has yet
to be answered.
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